A blood clot is a meshwork of fibrin fibers built up by the systematic assembly of fibrinogen molecules proteolyzed by thrombin. Here, we describe a model of how the assembly process occurs. Five kinds of interaction are explicitly defined, including two different knob-hole interactions, an end-to-end association between ␥-chains, a lateral association between ␥-chains, and a hypothetical lateral interaction between ␤-chains. The last two of these interactions are responsible for protofibril association and are predicated on intermolecular packing arrangements observed in crystal structures of fibrin double-D fragments cocrystallized with synthetic peptides corresponding to the knobs exposed by the release of the fibrinopeptides A and B.
various snake venom enzymes (12) . Nonetheless, such fibrin is not of the same quality as fibrin generated by the thrombincatalyzed removal of both fibrinopeptides A and B, and the physiological role of removing the latter must be significant.
Here, we describe a detailed model for each of the steps in fibrin formation, including especially the lateral association of protofibrils, the least understood step in the process. Our proposal for how this step occurs is mainly based on packing interactions observed in crystal structures of the core fragments D (from fibrinogen) and DD (from crosslinked fibrin) complexed with the two different synthetic peptides that correspond to the natural A and B knobs (3) (4) (5) . These considerations have been used in conjunction with a recently reported low-resolution structure of native chicken fibrinogen (13) as the framework model for the units being bundled together.
Methods
Extensive use was made of the O modeling program (14) ; superposition of double-D structures and that of native chicken fibrinogen was accomplished with the least squares function (lsq) in that package. The linear growth of model structures was managed with the PDBSET routine contained in the CCP4 package (15) ; symmetry operations were based on the chicken fibrinogen structure (13) . Estimates of the strengths of interaction at each step of the polymerization process were obtained from measures of lost solvent accessibility (16) ; in particular, the method of Lee and Richards (17) as provided in the CCP4 package (15) was used with a probe radius 1.4 Å.
Illustrations were prepared with MOLSCRIPT (18) and rendered with RASTER3D (19, 20) . The program XTALVIEW (21) was used to determine the orientation of objects in the illustrations. Some molecular surface depictions were obtained with GRASP (22) and then combined with other features in RASTER3D (19, 20) .
Basis for the Model. The model is based on a consideration of packing arrangements in a series of previously reported crystal structures. In particular, a 170-kDa fragment derived by limited proteolysis of naturally crosslinked human fibrin, denoted ''double-D,'' was crystallized in the presence or absence of two synthetic peptides patterned on sequences that constitute the ''knobs'' in a series of ''knob-hole'' interactions (3) (4) (5) . The synthetic knobs, A and B, which differ by only a single amino acid, fit into homologous but different holes on the ␥C and ␤C Abbreviations: GPRPam, Gly-Pro-Arg-Pro-amide; GHRPam, Gly-His-Arg-Pro-amide; t-PA, tissue plasminogen activator; DD-NL, fragment double-D, no ligand; DD-GP, fragment double-D with GPRPam; DD-GH, fragment double-D with GHRPam; DD-BO, fragment double-D with both GPRPam and GHRPam. *Present address: Molecular Simulations, Inc., San Diego, CA 92121-3752. † To whom reprint requests should be addressed. E-mail: rdoolittle@ucsd.edu.
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domains of the double-D, respectively (4). The surrogate A knob has the sequence Gly-Pro-Arg-Pro-amide (GPRPam) and the B knob, Gly-His-Arg-Pro-amide (GHRPam).
The double-D structure designated DD-GP was cocrystallized with GPRPam only (PDB code, 1FZB), DD-GH with only GHRPam (PDB code, 1FZF), DD-BOTH with both ligands (PDB code, 1FZC), and DD-NL with no ligands at all (PDB code, 1FZE). Although the crystal structures of the four preparations (DD-GP, DD-GH, DD-BOTH, and DD-NL) are very similar, their unit cells all differ significantly (Table 1) . Our working hypothesis is that interactions that occur in the various crystals are good candidates for those that occur in fiber formation. We know this to be true in the case of the principal end-to-end association between fibrin units (5). Thus, a natural complementarity exists between the ends of neighboring fibrinogen molecules that involves ␥-chain residues 270-310 (human numbering will be used throughout this paper). These end-toend interactions are observed in all four double-D structures ( Fig. 1 )-where the ends are covalently crosslinked-as well as in the crystal packing of all known fragment D structures (3-5), a modified bovine fibrinogen (23) , and native chicken fibrinogen (13) . These end-to-end associations always have an offset nature; in human fibrinogen derivatives, ␥ For lateral interactions, we focused on those that accommodate the 230-Å periodicity known to exist in fibrin fibers (24) , which is to say, protofibrils must be associated laterally in a fashion that keeps them in exact register. In contrast to the end-to-end situation, the nature of lateral packing arrangements in crystals depends on the presence or absence of the two synthetic knobs. Of most importance is the occupancy of the ␥C hole by the A knob, a situation that exists in two of the structures (DD-GP and DD-BOTH). In these cases, the crystal packing is such that a specific set of lateral interactions occurs between ␥C domains (Figs. 1 and 2). A similar but slightly different situation exists when only the B knob is present (DD-GH). The DD-GH is in a sense an unnatural one in that the B knob occupies the ␥C hole only in the absence of A knobs (5) .
The packing arrangement that occurs in the absence of ligands (DD-NL) is very different (Fig. 1 ). There is a lateral interaction between ␥C domains, but it involves a completely different face of the domain than described above (Fig. 2) . We take this as evidence that occupancy of the ␥C hole encourages a specific lateral interaction between protofibrils.
The Model
Step by Step.
Step 1: Exposure of the A knobs. The removal of the fibrinopeptides A exposes a pair of A knobs in the central domain of fibrinogen molecules, which pins together fibrin units in an end-to-end fashion. These ''A knobs'' fit snugly into well-defined ''holes'' in the ␥C domains near the two ends of each molecule (Fig. 3 ).
The amino-terminal segments of the ␣-chains-including the fibrinopeptides A and the A knobs-are not visible in electron density maps of native chicken fibrinogen (PDB code 1EI3) and must be extremely mobile (13) . Nonetheless, the distance from the knob to the molecular axis can be reasonably estimated; a similar estimate was apparently made in the construction of a model protofibril with modified bovine unit (23) . The primary constraint on the two ␣-chains is a disulfide bond that joins them at residues Cys-28, 10 residues away from the Gly-Pro-Arg residues that constitute the A knob (␣17-19); in the chicken structure, the disulfide is 35 Å from the molecular axis (13) . If the chain is extended to include the knob, and if the knob is then superimposed on its position in a companion model in a ␥C hole, then the overall distance between parallel molecular axes is Ϸ80 Å (Fig. 3a) .
The repetitive interaction of pairs of centrally located A knobs with the associated ends of companion fibrinogen molecules leads to a two-molecule thick oligomer with a half-molecule stagger. These oligomers (protofibrils) tend to average 15 units in length (25) . The knob-hole interactions are largely electrostatic (positively charged knobs in negatively charged holes), although hydrogenbonding and a water-mediated interaction are also involved (4). Surface area buried by the insertion of a single knob into one hole amounts to about 250 Å 2 .
Step 2: Formation of ␥-␥ dimers. The growing protofibrils are reinforced by the factor XIII-catalyzed incorporation of -amino(␥-glutamyl)lysine crosslinks between the carboxyl-terminal segments of abutting ␥-chains (26) . These segments are highly exposed and flexible, and they have not been discerned in electron density maps. It is noteworthy that crosslinks are introduced before the protofibrils associate laterally and while the target sequences are still readily accessible to large macromolecules like factor XIII (27, 28) .
Step 3: Initial lateral interaction. The lateral, and necessarily staggered, association of protofibrils that gives rise to mature fibrin has not previously been defined at the level of atomic resolution, although general models have been proposed in the past (11, (29) (30) (31) (32) . There is compelling evidence that fibrinopeptide B removal, which exposes the B knob (GHRP), plays a role in the lateral association of protofibrils (33, 34) , but it is also clear that lateral association can take place even when the fibrinopeptides B are not removed, as is the case when clotting is induced by certain snake venom enzymes (12) . The suggestion has also been made that the flexible ␣C domains play a role in the association of protofibrils, shifting from an intramolecular to an intermolecular mode, perhaps as a consequence of fibrinopeptide B removal (35) . Finally, the loss of electrostatic repulsion upon removal of the electronegative fibrinopeptides B may be a factor on its own, independent of any knob-hole interaction.
We now propose that the primary driving force for protofibril association is the set of lateral interactions observed between ␥C domains in the crystal packing of DD-GP and DD-BOTH (Fig.  1) . The same packing also occurs in crystals of a modified bovine fibrinogen (23) . The segments of the ␥-chain involved in this lateral interaction are ␥350-360 and ␥370-380 (Fig. 2) . In the crystal, Ϸ300 Å 2 of previously accessible surface is buried as a result. One of the key residues is ␥ Arg375 , a residue often mutated in variant human fibrinogens exhibiting defective polymerization (8) . Although the amount of solvent-accessible surface area buried is relatively small on a per monomer basis, it is a significant amount when considered for the entire protofibril.
Step 4: A second lateral interaction. A second kind of interaction may come into play upon removal of the fibrinopeptide B, the release of which would allow a pair of B knobs to fill holes in the same two companion molecules pinned together by the A knobs (Fig. 3a) . The amino-terminal segments of ␤-chains are even more flexible and unrestrained than the corresponding regions of ␣-chains, the nearest constraint being imposed by a disulfide connection at residue ␤65 (human numbering). It is likely that the B knobs (residues ␤15-18) are mobile and do not become fixed until they encounter ␤C holes.
We propose that binding of the B knobs pulls the ␤C domains away from an association with the coiled coils (Fig. 4) and effects a concomitant if subsidiary lateral interaction between protofibrils that involves ␤-chain residues ␤330-375. This is the region of the ␤-chain that is homologous to the ␥-chain region involved in end-to-end associations (Fig. 3b) . Intriguingly, these regions of the ␤C domains are closer to each other in the crystal packing of double-D when synthetic B knobs are present than when they are not (ss3 in Fig. 3 ). In fact, a previous report from this laboratory noted that the coiled coils in those structures (DD-GH)-unrestrained in the fragment because they are not connected to a central domain-are pulled out of line (5). It must be emphasized that the lateral interactions involving the ␤C domains would be complementary to and dependent on the lateral interactions involving ␥C domains and, poised as they are, require only a modest twist once the proposed ␥-chain associations are in place (Fig. 3) . In a given fibrin monomeric unit (which is itself a dimer), one end of the molecule will have its ␥C domain associated with the ␥C domain from another protofibril, whereas, at the other end, the other ␥C domain will associate with still a third protofibril (Fig. 5) . The ␤C involvement would follow a reciprocal course involving the same three molecules.
Summing to this point, three sets of interfacial association, including two observed in crystal packing arrangements of human double-D preparations, are proposed to play roles in the formation of fibrin fibers. These associations occur concomitantly and as a result of two different knob-hole interactions. In one, the A knobs (Gly-Pro-Arg) fit into closely situated ␥C holes from neighboring molecules and pin them together in an end-to-end mode. Filling these holes also induces an initial lateral interaction between ␥C domains of different protofibrils (Figs. 1 and 2) .
The second knob-hole interaction involves the B knob (GlyHis-Arg) filling holes in widely separated ␤C domains in the same two molecules held together by the A-knob pair (Fig. 3a) , and likely not between different protofibrils as we had previously conjectured (36) . The filling of the ␤C holes encourages a lateral interaction between ␤C domains that follows a course complementary to that involved in the lateral ␥C interactions, but in a reciprocal manner with regard to specific units within the dimer.
We hypothesize that the interaction with the B knob plays a role in the ␤C domains moving away from the coiled coils, exposing a region that has been implicated in the activation of tissue plasminogen activator (t-PA) by fibrin (37) . The model does not preclude ancillary associations involving ␣C domains. Indeed, as will be shown below, the formation of factor XIII-catalyzed multimeric crosslinks between chains is readily accommodated by the model. Symmetry Arguments. We will now show that the interactions described above give rise to a fiber with the physical properties of natural fibrin fibers, including a solvent content of Ϸ80 percent, the open nature of which provides access to vital macromolecular agents, and especially t-PA, plasmin(ogen) and factor XIII. To this end, the model will be built up by the systematic addition of protofibrils to a growing bundle, care being taken that clashing between units not occur.
For simplicity, some of the depictions are diagrammatic. It must be kept in mind that the starting protofibril is a flattened ribbon (Fig. 5a) , and that knob-hole interactions occur in the ''flat'' dimension. In some of the depictions, the two different strands of a protofibril are represented by cylinders of a given color and are numbered 1 and 2; the knob-hole connections between them have been omitted to simplify the pictures.
Two Associated Protofibrils. The linear growth of fibrin fibers requires that protofibrils associate in a staggered overlapping fashion. Although the degree of overlap between associating protofibrils may vary, for simplicity we have assumed it to be a uniform half-stagger arrangement (this should not be confused with the half-stagger that occurs between units within the protofibril itself). In the model, the two protofibrils are associated by a uniform series of lateral interactions involving ␥C domains (Fig. 4) . If fibrinopeptide B release occurs, the protofibrils will also have their ␤C holes filled with B knobs, allowing a concomitant association of ␤C domains to occur (Fig. 4) . It is noteworthy that the lateral association of protofibrils cannot be so propagated if the ␥C side-by-side contacts observed in the crystal structure of DD-NL are used.
Three Associated Protofibrils. In essence, there are three different ways that a third protofibril may be added to a two-protofibril bundle, all using the same kind of interfacial associations (Fig.  6 ), but differing in the particular strands or regions of strands involved (Fig. 7) . In one case, the new protofibril interacts with the same strand of a protofibril as is already involved in the two-protofibril bundle, but on the opposite side. Such additions are limited to growth in the x direction. In another case, the newly added protofibril interacts with the same strand and side of another protofibril, but in the unoccupied zone provided by a stagger. The resulting end-to-end association leads to growth along the z axis only.
The most important mode has the newly added protofibril use one of its strands to interact with one protofibril and the other strand with the other protofibril. In this case, the fiber can grow both linearly and laterally (i.e., in both the y and z directions). Importantly, because of the excluded volume effect, a half-stagger is needed to avoid clashing (Fig. 7a) . The result of such a stagger is a vacancy in the growing fiber; indeed, it is this forced omission that leads to the high solvent content of fibrin fibers and to access channels for enzymes like t-PA, plasmin(ogen) and factor XIII.
Whether or not mature fibers are thick or thin depends on the relative contributions of these three kinds of protofibril addition. It is well known that in vitro the lateral growth of fibrin fibers depends on environmental factors, including pH, calcium ion concentration, and ionic strength, and it is likely that the contributions of the different types of association are differently influenced by electrostatic factors. The multibundle model shown in Fig. 7 has been restricted to the last described of the interactions in the interests of simplicity; real fibrin fibers would not be expected to be so uniform.
Unit Cell Considerations. The packing of monomers in the fibrin fiber can be considered from a pseudocrystallographic perspective. In an elegant model conceived long before detailed structural information was available, Hermans (29) invoked lateral interactions involving the fragment D portions of fibrinogen. By taking account of the known dimensions of the molecule (24), the half-staggered repeat observed in fibrin (6) , and the assumption of a truly dimeric starting unit, he showed that there was a limited number of space groups that could accommodate the model fiber. Subsequently, Hudry-Clergeon and coworkers (38) conducted neutron diffraction experiments on fibrin formed in a strong magnetic field. They were able to determine a unit cell, the dimensions of which were 185 ϫ 185 ϫ 446 Å.
The model shown in Fig. 7 has similar dimensions (190 ϫ 190 ϫ 450 Å). The a ϭ 190 Å is twice the observed packing distance in DD-GP and DD-BOTH (Table 1) , whereas the b ϭ 190 Å is a function of the 80 Å-spacing between strands in the individual protofibril. The c dimension is equal to the length of a single monomer. Because of systematic vacancies in the fiber, there are only eight molecules per unit cell. The calculated solvent content is 80 percent, in good accord with experimental measurements (39) .
Discussion
Fibrin clots are well known to be permeable to a wide variety of agents. The clot itself, however, is a tangle of fibers, and the permeability of the individual fibers is more problematic. Depending on environmental conditions, fibers may range from a few to hundreds of molecules in diameter. Molecules like t-PA, plasminogen, and thrombin may be trapped within a polymerizing fiber. Whether or not these proteases have ready diffusional access from without is not so obvious. The system that presents the strongest evidence for diffusion within the fiber is the factor XIII-catalyzed formation of crosslinks between ␣C-domains. Thus, whereas ␥-␥ dimers are formed rapidly at the stage of the growing protofibril when enzyme access is not a problem, the crosslinking of ␣-chains is a very slow process, occurring over the course of hours or days when fiber formation occurs within seconds or minutes (40) .
The question arises: can factor XIII diffuse through a model fiber that doesn't have vacancies? Factor XIII (without b subunits) has a smallest cross-sectional diameter of about 60 Å (41). If a reasonable approximation is made as to the whereabouts of the flexible ␣C-domains (13), then there is very little room within packed protofibrils for solvent channels unless vacancies occur during the lateral association of protofibrils. Even then, the channels are such that diffusion of the factor XIII must be greatly slowed, concomitant with the time course observed in the case of ␣-chain crosslinking. Given these time and distance constraints and the mobile nature of the ␣C domains, a wide variety of lysine and glutamine residues become involved in the crosslinking introduced by the slowly diffusing factor XIII (42, 43) .
The model also explains why fibrin formed by certain snake venoms that remove only the fibrinopeptide A are not the same as fibrin formed by thrombin. The ␥C-␥C lateral interactions allow fiber development, but the lack of ancillary ␤C-␤C interaction limits or weakens the process. It also explains how fibrin can be formed by the exclusive or preferential release of fibrinopeptides B (''␤ Fibrin''), as occurs when certain heterologous thrombins are used (44, 45) or particular snake venom enzymes used (46) . Although, in these situations, lateral associations may be strongly encouraged, the necessary end-to-end associations must also occur, even though the fibrinopeptides A are still present and the A-knobs remain unexposed. The same end-to-end associations must form as occur in natural fibrin, as evidenced by the factor XIII-induced formation of ␥-␥ crosslinks (28) . It must be that the B knobs, like the A knobs, are flexibly tethered and move about until they encounter appropriate holes. There appears to be sufficient freedom and space for B knobs to stretch out clasper-like and pin together two molecules associated at the ␥-␥ interface, even when the fibrinopeptides A are still present.
The model also offers an interpretation of how fibrin can activate t-PA and why fibrinogen does not, the movement of the ␤C domain away from the coiled coil exposing a region known to be involved in the process (37) . In fact, it has recently been shown that the moiety D 2 E can activate t-PA, whereas fragments D and double-D do not, and the authors hypothesized that the ␤C domains would have to move (47) . On the basis of our model, we would predict that fibrin generated by a snake venom enzyme that does not release fibrinopeptide B would not be as effective in activating t-PA.
